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Monitoring of a Deep Basement in London
L.A. Wood
Lecturer in Soil Mechanics, Department of Civil Engineering, Queen Mary College, London

A. J. Perrin
Research Assistant, Department of Civil Engineering, Queen Mary College, London

SYNOPSIS A deep basement in London Clay has been monitored throughout the entire duration of its excavation and
construction, covering a period to date of over two and a half years. Measurements have provided a complete record of
all aspects of the soil and structural behaviour. The high quality and regularity of the data, have enabled integration
of diverse measurements which serve to identify important events in the history of the structure. The paper describes
briefly the excavation and construction procedure, the measurements made. together with the installation methods
employed. A selection of data covering a broad range of measurements is presented to illustrate some typical aspects of
the interaction of the structure and the soil.

INTRODUCTION
Early in 1981 a comprehensive monitoring scheme for a
deep basement in London Clay was initiated. The basement
forms the foundation for a 6-storey block of shop and
accomodation units in London's West End, three quarters
of a mile North of the River Thames, and replaces an
older building erected at the turn of the century.

The SDDmm thick 18m deep diaphragm wall which forms the
perimeter of the basement car park is propped by the
three 350mm reinforced cocrete slabs. The foundation
comprises a 1.5m thick raft cast onto the London Clay. A
plan of the basement together with the instrumentation
is shown in Fig. 1, and Fig. 2 shows a typical transverse
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Fig. 1 Plan of Basement Showing Location of Major Instumentation

301

0

22. Om ADD (varies)

r.FiOUiJD Fl CIOR

I\

I
f

i

L·

1

r'l

pnr,r:--~

r-.;_· .:~_

<"=

I

I

liV'[I-''

=

~~-,_

~-- •• -~~.:. -···-- ••"':."'"!"
r_·.

·--

-~

i
i

'--

r

T

_i_

I

l

==:J

:~ccor·Jn !~ib~ !1·.-!:-f~T

1

·

1

·

.f-:::: ______________ _

c

-- ·-·- ----------- -------,- --·-- - - - - - -

1

•• ---·· ·"'

ll.Om ADD

J

___

.,_!.- - - - - - - - ,

I

I,

I CEN1r.CLINES OF PILES

12. 4m ALID

1

i

j

J

-~·.,;·;,;·~-~-;,-=·=-==!==========;

-·

f?AFT

3
-

u.~SEMC~JT

I"H-l:Jr

I

'

! U~ 11:-~i 1:-~:MCFi WJ\L.L

10 METRES

I

I

J

'

,J
-2. Elm ADD MINIMtJII'I

(varies)

Fig. 2

Transverse Section Through Basement

section. The over all dimensions of the basement are approximately lOOm bM 60m and the diaphragm wall encloses
an area of 4500 m •
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In order to facilitate progress in methods of analysis
and hence design, the gathering of accurate field measurements is invaluable. However, such measurements may be
extrapolated to other conditions only through their use
in the calibration of analytical techniques. To this end
it is necessary to maintain a comprehensive monitoring
scheme in order to yi~ld a unique solution without recourse to additional assumptions.
The paper describes the excavation of the basement and
the construction procedure. The deployment and installation of all the instrumentation is discussed, and their
performance is illustrated by the presentation of a variety of preliminary results.

SOIL PROFILE
The soil succession revealed by the borehole drilled in
the centre of the site is shown in Fig. 3 and is typical
of the geology of Central London.The top 4m consists of
made ground below which is a layer of gravel. The London
Clay is 40m thick becoming stiffer and more sandy with
depth, and includes several beds of claystones. Below the
London Clay are the Woolwich and Reading Beds comprising
interbedded layers of hard mottled clays with some shell~
These are underlain by the dense Thanet Sands which in
turn overlie the Chalk.
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Standard Penetration Test results (blows per foot) are
shown adjacent to the profile, and illustrate a typical
increase in stiffness with depth within the London Clay.
In addition to the insitu tests a comprehensive laboratory test programme has been conducted.For brevity these
tests have been omitted here.
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THE EXCAVATION AND CONSTRUCTION PROCEDURE

Pf:BL1LES

In April 1981 the over all level of the 4.5 ha site was
reduced by 2m to a Reduced Level of +2l.Om Ordnance Datum

Fig. 3
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(D.O.). Forty 600mm diameter bored concrete piles forming
the supports for the temporary works were installed to
depths of 29m and 16m and terminated at +15.Dm D.O., and
their bores backfilled. The 300m long diaphragm wall was
costructed to levels between +1.6m D.O. and +4.4m D.O.
between June and August 1981 after which bulk excavation
commenced.
·

below. Some groups of items were installed prior to the
start of the excavation, others were directly dependent
upon the phase of excavation and construction obtaining.
Some were intended to be both functioning and accessible
throughout the construction period and beyond, whereas
others by design would function only during a specific
period.

By November 1981 the piles were uncoverd, the pile caps
cast and a grillage of steel double !-beams inserted
between them. The soil berm between the central grillage
and the wall was reduced in level and slope to accomodate
the level-1 propping scheme which spanned between the
pile caps and the ~all, at +18.7m D.D.,Fig. 4a.

From the outset it was appreciated that monitoring of all
the instruments and the associated surveys would require
strict synchronisation such that related or dependent
measurements were performed consecutively. Combining this
requirement with occasional additions to the instrumentation and the need for constant awareness of those items

8

A
Fig. 4

Temporary Works on Levels 1, 2 and 3

·Excavation continued and the outer berms were removed to
accomodate the level-2 props shown in Fig 4b.These were
installed during March 1982. Formation level at +9.2m D.O.
was reached at the end of March 1982 and the first section of 1.5m thick concrete raft, overlying a 300mm thick
1 no-fines 1 concrete drainage layer, was cast at the
beginning of April. Excavation continued in adjacent
areas spreading out from the centre.

at risk resulted in a decision to deploy one member of
the monitoring team on site for the period spanning the
completion of the excavation and the entire construction
of the basement. A success rate in terms of continuous
performance of instruments of over 90% has been achieved.

EXTERNAL GROUND MOVEMENTS
Level-3 ~raps shown in Fig. 4c, spanned between the completed sections of raft and the diaphragm wall to allow
removal of the soil berm. Removal of the level-2 and
level-1 props followed completion of the basement slabs
which except for the smoke vents abutted against the
diaphragm wall. The basement s~ructure was completed
in September 1983.

Surveys for line and level were established outside the
site during the construction of the diaphragm wall. One
hundred and thirty road nails were set out in the kerbs
of the surrounding streets, the furthest some 125m from
the site. in addition fifteen Cheney bolt sockets
(Cheney,l974) were grouted into the walls of the adjacent
buildings. Over a period of two and a half years the
number of road nails still accesible had reduced to a
quarter of this figure, and seven wall sockets had also
been removed during the demolition of the adjacent buildings.

THE MONITORING SCHEME
The installation sequence for the instrumentation and the
implementation of the monitoring scheme is outlined
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The section of the wall below the profiles indicates th
state of the. construction viz-a-viz temporary and permanent works and excavation depths prevailing at the time
measurement, overalperiod of fourteen months. No profile
is shown for the first eight months of excavation becaus
neither inclir.ometer nor survey measurements showed diff
rential movement of the wall between top and toe of more
than 1.5mm.

DIAPHRAGM WALL MOVEMENTS
Eleven No. inclinometer tubes were installed at predetermined locations in the diaphragm wall.Specially formed
brackets were welded to the rear lateral reinforcement
of the particular panels and the flexible ducting secured
to them. Their locations are shown in Fig. 1.
The inclinometer ducts weremost vulnerable to damage
during installation and in the cage lifting operation
two of the ducts were severely kinked. Eight ducts have
remained accessible for the whole period.

The development of the pronounced bulge just above the
level of the raft is markedly time dependent.The level-1
and -2 props are undoubtedly restricting inward movement
The translation and flexure of the wall is both a functi
of its response to the seasonal temperature effect on th
temporary steel props and permanent works, and the imbalance of active and passive earth pressures on the wal
On 31 August 1982 the translation was negative,ie. the
wall had moved outwards. With the progression of the s~
ons and the advent of coloer weather the wall moved ba~
through its datum whilst preserving its flexed shape. Th
final figure on 21 June 1983 represents the flexure only
as by this time, with the superstructure well above grou
level, the horizontal survey was discontinued.

Twenty No. Vibrating Wire Strain Gauges (Irad type SM2W)
were installed in two columns of ten on the longitudinal
reinforcement of two adjacent diaphragm wall panels
containing inclinometer ducts, as shown in Fig, 1. As
well as a useful compariso for the inclinometer results
they also provide a direct check on the bending moments
in the wall.
With an accurate picture of flexure described by the
inclinometer results the absolute translation of the
wall can only be defined by horizontal movement measured
at a convenient point on the wall, usually the top.
Three distant stationary buildings were used as datum
targets for a horizontal survey which located the tops
of all the inclinometer ducts as well as another twenty
two points on the wall,Corbett et al.(l975) have successfully used this technique on another urban site. The
other survey targets on the wall were stainless steel
pins·with domed scribed heads. These were set into the
capping beam and were also employed in the vertical
survey of the diaphragm wall. Their locations are shown
in Fig. 1. All horizontal surveys were conducted with a
111 theodolite (Hilger and Watts , Microptic) and surveys
for level with a precise level (Zeiss Koni 007) and
invar staff. Eventually with the basement reaching completion, eye level construction obscured both internal
and external targets with respect to the horizontal
survey, which was carried out for 22 months until August
1983

The accuracy of the inclinometer (Geotechnical Instrumen
)based upon the manufacturer's specifications, checks on
repeatability and calibration is of the order of ~O.lmm
per 500mm,though this does not inc!ude the indeterminate
effects of wearing and corrosion of the duct, and is
comparable to published data, Ounnicliff (1971). For i3
with a depth of 16m this represents an error of + 3, 2 11111
for the location of the top relative to the toe.-The
horizontal survey is less precise, and repeatability
checks for establishing internal stations produced erroi
bounds of+ 7mm. Gould and Ounnicliff (1971) estimate
that triangulation accuracies of ~ Smm can be achieved.

THE TEMPORARY WORKS
Twenty strain gauges were spot-welded to the flanges of
complete span of level-1 and -2 frames and the associate
central grillage beams during their installation. These
permitted measurement of the strains in the props from
installation and jacking (prestressing) up to their
removal, As well as recording excavation-induced forces
the effect of seasonal temperature changes was also
measured. In addition over 250 demountable strain gauges
(Mohr and Federhaff, type Pfender extensometer), consist
ing of pairs of stainless steel balls swaged onto the
props, were deployed on the remainder of the level-1 anc
-2 props. The level-3 props were sirdlarly instrumented.

A selection of profiles of the diaphragm wall are shown
in Fig. 6, These refer to the wall at inclinometer i3
(see Fig. 1) which is a typical location approximately
midway along the longest (97m) wall, The flexure is
derived from the displacement profiles generated by the
inclinometer measurements. The lateral translation indicated by the dashed line was measured in the internal
horizontal survey described above.

Measurement of the expansion of the gauge length betwee~
installation, final reading and after the prop was ramo~
yielded the compressive strain existing prior to removal
A complete picture of the prop stresses was compiled foi
the short period described. The transfer of loads from
one prop to adjacent ones upon removal was also observec
by both the vibrating wire and mechanical gauges.

I!!

~j

As described, one complete span of props was equipped wi
Vibrating Wire strain gauges to measure the loads develo
ed during the excavation and the construction period.
Two level-1 raking A-frames, two level-2 horizontal Aframes and the adjoining cental double I-beams had pairs
of back to back gauges spot-welded onto their flanges.Th
gauges encorporated thermistors in the covers which allo
ed a temperature measurement to be made.

Fig.

5

Fig. 1 shows the location of the instrumented frames,
Fig. 6 the orientation of the two levels' A-frames and
Fig. 7, the axial loads in Tonnes developed in each leg
a pair of A-frames. Included with these graphs are the

Horizontal Movement Of The Diaphragm Wall
304

temperature changes though the initial rise from installation would have been due to a combination of the
increasing earth pressure imbalance upon the wall and
seasonal temperature changes. When average temperatures
dropped in the Autumn/Winter of 1982, high loads were
maintained.

/
. LEVEL 2 (15 7ma.od l

Fig. 6

Two sets of results relating to the hottest and coldest
days' measurements illustrate the combined influence of
the retained soil and changes in temperature upon the
temporary works, On 14 September 1982 A-frame 3 (level1) carried a mean compressive load in each leg of 88.4
Tonnes. The contraction of the entire span of beams
accross the site was 17.8mm. With a mean temperature
rise of 16°C to 24°C, the expansion opposing this inward
movement was ll.Dmm, On 39 November 1982 when the tempertaure drop was 6°C to 2 C, the mean compressive load
in each leg was less than half the earlier value, 42.9
Tonnes, The compression due to the temperature drop was
an additional 3.4mm.

AFRAME

Detail of Level-l and 2 Propping

An interesting feature is shown, when at the end of
December 1982 the level-2 props were removed. The
gauges on these registered an instantaneous drop to zero
- the unstressed state - whereas the gauges on the level
-1 frames registered an immediate rise. The imbalance
between this fall and rise represents the load transferred to the basement slab and counterfort walls which
were complete in the frame's vicinity.
A Glotzl pressure cell in the 2nd basement slab on this
gridline also registered an instantaneous rise in
pressure commensurate with this redistribution of compressive stress.

VERTICAL PRESSURE DISTRIBUTION BENEATH THE RAFT

'81

11982

Fourteen No. Glotzl spade-shaped pressure cells
(Massarch, 1975) were installed beneath the raft between
May 1982 and September 1982. Their locations are shown
in Fig. 1. The cells have measured the vertical pressure
developed in the clay directly below the raft as the
basement and superstructure progress.

ra3

N'DJ'F'M'A'M'J'J'A's'o'N'D J'F'
Fig. 7

The spade-shaped cells were jacked into the undisturbed
clay from shallow trenches and the 2D0mm x lOOmm x Smm
cells were pushed in approximately 500mm and the trench
backfilled with hand-compacted sand and pea gravel. The
dual air leads from these hydraulic cells were brought
up through the 'no-fines' drainage layer and concrete
raft to terminate in boxes set flush with the floor.
Thirteen of fourteen installed have been working successfully since installation, the single failure attributed
to a severed air line.

Axial Load in A-Frames Together With Changes
in Temperature

mean temperature changes for all four gauges on each
frame. gatum temperatures for thg level-1 and -2 frames
were +8 C (November 1981) and +4 C (February 1982)
respectively.

A 400mm square plate cell was also included adjacent to
the central spade cell. Previous researchers (Nixon and
Skipp, 1979) as well as the autho~s' own laboratory
tests have identified the errors ~nduced by poor
placement. A shallow pit was backfilled with fine sand
and the plate cell inserted whereupon the sand was
mechanically vibrated to densify it, until the cell was
rigidly seated. A thin concrete blinding was poured over
the pit to encapsulate the cell.

The graphs of axial load show some important characteristics. The level-1 prop carried a greater load in each
leg than its level-2 counterpart for most of the time.
This may be attributed to three factors:
i The level-1 props were installed three months
before level-2 and were therefore under compressive stress at the time of the latter's
installation,
li The level-1 frames were at twice the spacing
of the ones on level-2, and for equivalent
line loads we would expect double the load in
each level-1 frame.
ia The level-1 frames were stiffer than those on
level-2.
Another important consideration is the speed of excavation and resulting free-standing time which elapsed
prior to installation and prestressing.

Fig. 8 shows the behaviour of both the spade-shaped cell
and the standard (plate) cell, located beneath the
centre of the raft. Note that the time scale for the
period of installation has been magnified for clarity.
Upon installation, the pressure measured by the spade
cell increased appreciably. Penman and Charles (1981)
have suggested that this phenomenum is due in part to a
local increase in pore water pressure. As these

Changes in axial load can readily be related to
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Response of the Glotzl Plate and Spade-Shaped
Pressure Cells
set at different levels. This concentration of four b
holes afforded the only location beyond the diaphragm
wall at which the behaviour of soil at depth, with
respect to vertical and horizontal movement and porewater pressure variations could be measured. Both
inclinometer/extensometer boreholes were accessible a
regularly monitored up until March 1983. The piezometers have been preserved intact despite repeated
construction activity in their location.

dissipate so the maesured pressure returns to equilibrium. The increase in measured pressure upon
installation is also related to the initial stiffness
of the soil and the thickness of the cell, The time to
return to equilibrium will depend upon the soil properties and the orientation of the cell within the soil,
Tedd and Charles (1983).
For the two cells discussed, the raft was cast in one
l.Sm thick layer. The first spike on the spade cell
curve denotes installation, the second the imposition
of the raft above. This second immediate rise dissipated
rapidly after which the pressure has been rising
continuously as the building weight increases.

Nine of the ten internal boreholes contained extensom
magnets and the tenth another Casagrande type piezome
The central borehole was drilled to -34.45m D.O. into
the Thanet Sands at which level the bottommost magnet
was installed. This magnet acted as the deep datum fo:
all the site's levels. The eight other extensometers,
as shown in Fig. 1, were arranged along the major and
minor axes of the site.

The plate cell exhibited little instantaneous overreaction to either its installation or casting of the
raft, and subsequent to this first imposed pressure, the
cell has also been registering the increase in building
weight.

Relocating the boreholes during the final stages of tl
excavation was aided by the bright yellow grout trail
left in the wake of the bulldozers. All but one borehole was discovered and the majority of these were in
though one or two magnets were inaccessible. The deep
datum was preserved, As the raft spread out from the
centre seven of the eight discovered were extended
through the concrete raft to terminate in boxes set
flush with the floor.

A vital cosideration in the application of all forms of
in-situ earth pressure cell is the determination of
their response to applied pressure. Good placement is
vi tal and though push-in cells reduce this problem the
change in the soil around the cell caused by the
installation may effect the cell's characteristic. Tedd
and Charles (1983) have produced some tentative
correlations between soil strength and permanent overread in push-in cells, quite aside from the initial
installation-induced overregistration. It is expected
that with long term data fom the Glotzl cells under
the raft, examined in relation to known structural loads
and subsequent imposed pressures, their response can be
accurately described.

The extensometer arrays have provided information abel
the heave and settlement of the London Clay during th1
excavation and the construction of the basement. Afte:
their installation in April 1981 they remained buried
and inaccessible for one year until formation was
reached. Intermediate measurements of the soil heave
were provided by observation of the temporary pile ~
and the diaphragm wall, both of which rose during thil
time. Had the extensometers 1 access tubes been broughi
to the surface prior to excavation then the likelihoo1
of their long term accessibility would have been poor.
The price of continuous access is constant vulnerablil
from heavy earth moving plant. Even at the final stag•
of excavation the recovered extensometer tubes were
often reburied.

GROUND MOVEMENTS AT DEPTH
Fourteen No. boreholes were installed in April 1981 to
depths rangeing from 21ln to BOrn from ground level
(approx.+23.Dm Ordnance Datum). Ten were installed
within the perimeter of the proposed diaphragm wall and
four ~yond the wall to the North of the site. Their
locat~ons an~ fun:tio~s are shown in Fig. 1. Two of the
latter compr~sed 1ncl~nometer ductin9 and extensometer
target magnets (Burland et al., 1972), to depths of
32:5m and 25.5m rspectively, The other two contained a
pau of Casagrande type piezometers (Casagrande, 1949)

Fig. 9 shows the change in the levels of the vertical
array of magnets in the central borehole, which also
contained the datum magnet at -34.45m Ordnance Datum.
The uppermost magnet was set at +8.084m O.D. and the
bottommost one at -25.904m D.D.
306
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Vertical Soil Movement Below the Centre of
the Raft.

The general shape of all the magnets' movements
demonstrates the effect of the construction on the soil.
Soil heave due to a reduction in overburden on the overconsolidated clay would have been counteracted gradually
by the increasing weight of the structure, though the
final net effective pressure exerted by the structure is
negative.

works were removed. Although Glotzl cells are quite
insensitive to changes in temperature within the normal
ambient range, the excessive heat of hydratimn of
concrete is sufficient to cause the mercury-filled cells
to expand. Upon cooling and contraction a void will
necessarily be formed between cell and concrete. To
counteract this condition, the plate cells encorporate
a mercury filled compensation tube. By crimping the tube,
mercury is forced into the cell causing permanent bulges
in its diaphragms. By monitoring the response of the cell
to additional crimps it is possible to check that the
cell is in full contact with the concrete. Crimping will
not alter the cell's calibration, only shift the internal
'zero', that is the applied pressure at which the internal
membrane can be activated under no external load.

As much of the heave may have occured during the actual
excavation process it is likely that the rate of heave
monitored by the extensometers after recovery would
naturally have been deccelerating. The imposition of
additional structural weight would have been complicated
by the connection of the raft and basement slabs into
the diaphragm wall. The flexibilty of the raft would
have permitted, of course, some relative movement
between the centre of the raft and the diaphragm wall.

ii/ Twenty six No. strain gauges were installed in the
raft at two critical locations at the levels of the
top and bottom reinforcement. The gauges were spot-welded
to short steel strips equipped with shear links to
prevent slippage. These were wired onto the major lateral
reinforcement. The strains and hence the bending moments
measured can be compared to the predicted raft behaviour
based upon design loadings and assumed soil response.
The lateral compression of the raft would also be
measured.

On the occasion of peak heave during the Winter 1982/83
magnet l.had risen elative to magnet 2 by lDmm, equivalent to 1.3mm/m thickness, whereas the heave exhibited
between magnets 6 and 7 was less than half this value
at 0.6mm/m. Even accounting for the reduction in imposed
pressure with depth these values are indicative of the
characteristic increase in soil stiffness with depth,
in which the upper strata directly below the raft
exhibits a more exaggerated movement than the lower ones.
The S.P.T. values shown in Fig. 3 confirm the increase
of stiffness with depth within the London Clay.

lli/ Seventy five No. stainless steel pins were cast into
recesses on the surface of the raft. Regular surveys of
differential vertical movement have been carried out
since raft construction and the reduced levels are always
related to the deep datum at the bottom of the cental
borehole. As construction has proceeded to ground level
and above, accessibility for the pins, which are covered
by screw-on lids has been improved.

The repeatability of measurement with the extensometer
probe, suspended on a steel tape, is ~1.0 mm.

ADDITIONAL RAFT AND BASEMENT INSTRUMENTATION
iv/ Six standpipe piezometers were installed through the
diaphragm wall. 150mm diameter steel tubes were
incorporated in the diaphragm wall at the locations shown
in Fig. 1. Because of excessive concrete 1 overbreak 1 in
some of these locations only eight of twelve tubes were
discovered prior to the wall being concealed behind a
'cosmetic blockwork wall.

i I Twa Glotzl plate cells were orientated vertically in
the raft at its connection with the diaphragm wall.
These and a further three in the higher basement slabs
and the ground floor, were to measure the lateral thrust
exerted upon the concrete members once the temporary
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CONCLUSIONS
The successful implementation of the large scale
monitoring scheme discussed above is directly attributable to the attention to detail present in both the
planning and execution stages, Without a doubt, full
time attendance on site throughout the entire period
during which the instruments were vulnerable, by at least
one member of the monitoring team, was vital to the
success of the project.
Preliminary assessment of the results generated so far
indicates that data gathered will be suitable for use ~n
refining analytical methods in the design of similar
structures,
The high quality of the results maintained throughout the
period during which site conditions were least favourable
to the instrumentation, is itself a vindication of the
techniques and equipment employed. The continuous
production of reliable data into the foreseeable future,
now that the basement is structurally complete, is
ensured,
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